We have used the dimerization initiation site of HIV-1 genomic RNA as a model to investigate hairpin-duplex interconversion with a combination of fluorescence, UV melting, gel electrophoresis, and x-ray crystallographic techniques. Fluorescence studies with molecular beacons and crystallization experiments with 23-nucleotide dimerization initiation site fragments showed that the ratio of hairpin to duplex formed after annealing in water essentially depends on RNA concentration and not on cooling kinetics. With natural sequences allowing to form the most stable duplex, and thus also the loop-loop complex (or "kissing complex"), concentrations as low as 3 M in strands are necessary to obtain a majority of the hairpin form. With a mutated sequence preventing kissing complex formation, a majority of hairpins was even obtained at 80 M in strands. However, this did not prevent an efficient conversion from hairpin to duplex in the presence of salts. Kinetic considerations are in favor of duplex formation from intermediates involving hairpins engaged in cruciform dimers rather than from free strands. The very first step of formation of such a cruciform intermediate could be trapped in a crystal structure. This mechanism might be significant for the dynamics of small RNAs beyond the strict field of HIV-1.
Stem-loops and bulged loops are common motifs found in RNA secondary structure and are often involved in RNA-protein or RNA-RNA recognition. Because of the self-complementarity of stems, a stem-loop structure can also adopt an alternative duplex structure containing unpaired nucleotides. This hairpin-duplex equilibrium also represents a major problem in structural studies of nucleic acids by NMR and x-ray crystallography, both requiring concentrated samples. Strategies using a mixture of unlabeled and 15 N-labeled oligonucleotides were developed to discriminate between the two species by NMR (1, 2) . However, many attempts at crystallizing RNA or DNA stem-loop structures led unexpectedly to duplex crystal structures (3) (4) (5) (6) . This was even the case for the unusually stable RNA tetraloops belonging to the GNRA, UNCG, and CUUG families, which are supposed to be nucleation points for RNA folding because of their stability and quick folding kinetics (see "Discussion" in Ref. 7) . Significantly, this problem does not seem to spread to NMR studies because several RNA stem-loop structures were successfully solved by using this technique, whereas most of the hairpin structures described by x-ray crystallography were obtained from complexes with proteins (8 -10) or were embedded in a larger RNA context, as for tRNAs, hammerhead ribozyme, and ribosome structures. The only notable exception is the GAGA tetraloop found in the sarcin-ricin loop, successfully crystallized as a hairpin (11, 12) .
The present study focuses on the dimerization initiation site (DIS) 4 of HIV-1 genomic RNA that has been extensively studied by several biochemical and biophysical methods. This strongly conserved stem-loop sequence (13) (Fig. 1a ) was shown to be crucial for viral RNA dimerization and packaging, two major determinants of viral infectivity (14, 15) . The DIS loop is made of nine nucleotides, six of them being self-complementary. This allows the DIS to initiate RNA dimerization through loop-loop interaction and formation of a "kissing complex" (for a review see Ref. 16) (Fig. 1b) . Among all natural HIV-1 isolates, only two selfcomplementary sequences are commonly found, AGGUGCACA and AAGCGCGCA, representative of HIV-1 subtypes A and B, respectively (13) . Alternatively, the DIS can dimerize as a duplex form through extension of intermolecular base pairing of the kissing complex (Fig.  1b) . This extended duplex is associated with the stabilization of the dimer observed in vitro upon heat treatment at 55°C or by the addition of the viral nucleocapsid protein NCp7 (17) .
Here we use a 23-nucleotide fragment of the HIV-1 DIS as a model to address the question of the dynamics of hairpin-duplex interconversion for short self-complementary RNA sequences. The present work started with our first attempts at crystallizing the kissing complex form of the DIS, which led to the crystallization of the duplex form (18, 19) as frequently observed for other RNA hairpin structures. As usually done, we were relying on a "flash cooling" of the RNA sample to freeze the RNA molecules into their hairpin conformation and prevent duplex formation. This remained unsuccessful. We finally obtained kissing complex crystals (20) , but only after sufficient lowering of the RNA concentrations during the annealing procedure, which was an obvious indicator of a strong duplex-forming propensity. It thus became evident that a direct method of investigation was necessary to delineate a "cooling time-RNA concentration" phase diagram. The hairpin-duplex equilibrium for the DIS(Mal) and DIS(Lai) wild-type sequences, representative of HIV-1 subtypes A and B, was investigated by labeling both sequences at their 3Ј and 5Ј extremities with a dye and a fluorescence quencher, respectively, thus forming a molecular beacon (21) . Such a labeled sequence, when mixed with the excess of an unlabeled sequence, allows us to distinguish unambiguously the DIS hairpin within the kissing complex, from the duplex form (Fig. 2) .
We also reinvestigated hairpin-duplex interconversion for the HIV-1 DIS by UV-melting studies. This led us to point a subtle difference between the DIS(Mal) and DIS(Lai) sequences because of close duplex and hairpin melting temperatures. Finally, we showed that the formation of a stable kissing complex is not necessary to convert significantly a hairpin form into a duplex at low temperature. Instead, with a loop sequence preventing kissing complex formation, we found that duplex formation can only be explained by hairpins forming cruciform intermediates, and not by their full melting prior to strand re-association. Possible biological implications of this process in the HIV-1 life cycle, and beyond the strict field of HIV-1, are discussed.
MATERIALS AND METHODS

RNA Synthesis and Purification-DIS(Mal)
and DIS(Lai) sequences doubly labeled as molecular beacons were chemically synthesized in our laboratory on a 392 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) with synthons from Eurogentec (Seraing, Belgium). Labeling of the 5Ј terminus with 5 (and 6)-carboxyfluorescein (FAM) was performed via an amino-linker with a six-carbon spacer arm. The 3Ј terminus was labeled with a universal fluorescence quencher, the 4-(4Ј-dimethylethylaminophenylazo)benzoic acid. Unlabeled and 5Ј-FAM singly labeled RNA sequences were purchased from Dharmacon (Boulder, CO). The unlabeled sequences correspond to the natural DIS(Mal) and DIS(Lai) sequences and to the mutated sequences DIS-UU, DIS-Pur280, DIS-C275, and DISHxG278 (Fig. 1a) . The DIS-UU, containing an unstable U-U mismatch at the beginning of the stem, was designed for previous crystallization studies of the loop-loop complex (20) . The RNAs were purified as described previously (19) .
Sample Preparation-Oligonucleotide concentrations (expressed in strands) were derived from extinction coefficients at 260 nm of 223,200 , and 60 M), heating at 90°C for 3 min, and then cooling to 0°C with three different kinetics. The two fast cooling kinetics were monitored with a thermocouple plugged to a data acquisition module OMB-DAQ-55 (Omega Engineering Inc., Stamford, CT). First, slow cooling was achieved by imposing a linear decrease of temperature for 3 h. Second, a so-called "fast cooling" was achieved in melting ice, which results in a rather slow exponential decrease of temperature with a half-time between 10 and 19 s depending on the position of the thermocouple between the wall and the center of the Eppendorf tube. Finally, a supposedly "ultra-fast cooling" was achieved in ethanol maintained at Ϫ70°C with dry ice. This results in cooling with an average half-time of 5 s, until a plateau is reached at 0°C and maintained during a few seconds because of ice formation. Notably, 16 -18 s are still necessary to go from 90 to 0°C with the latter method. Optical Measurements-Fluorescence emission spectra were recorded at 20.0 Ϯ (0.5)°C on an SLM-Aminco 8100 spectrofluorimeter (SLM, Urbana, IL) using a 150-watt xenon lamp. The excitation and emission bandwidths were 8 nm. Steady-state fluorescence measurements were performed by mixing a fixed concentration of DIS molecular beacon (60 nM) with an excess of nonlabeled RNA. The nonlabeled RNA to molecular beacon ratios ranged from 10 to 1000, corresponding to a total RNA concentration ranging from 600 nM to 60 M. Samples were folded as described above, and measurements were achieved in water to probe the result of the folding in the absence of salt and buffer. The fluorescence signal was found stable and reproducible in such conditions. To evaluate the influence of the excess of nonlabeled RNA on the fluorescence of the FAM dye, experiments were repeated by using a singly labeled DIS-5Ј-FAM. For each value of the ratio, the relative increase of fluorescence (R) was calculated. To determine the percentage of extended duplex forms in solution, R values were then compared with the increase of fluorescence relative to the singly labeled DIS-5Ј-FAM, which corresponds to the full fluorescence restoration that can be obtained by this system. Absorption spectra were recorded either on a Cary 4E (Varian, Sydney, Australia) or with a Uvikon XL (SECOMAM, Domont, France) spectrophotometer equipped with a Peltier thermostated cell holder. Melting curves were recorded at 260 nm with a heating rate of 0.25°C⅐min Ϫ1 between 10 and 85°C. The temperature was measured by a thermocouple inserted into one cell. 20 mM sodium cacodylate, pH 6.5, 25 mM potassium acetate, 2 mM magnesium acetate were used as buffer.
Melting Curve Processing-The UV melting curves were processed within the frame of the usual two-state approximation (22) . However, we derived the melting temperature (T m ) and variation of enthalpy ⌬H by using a method slightly different from the usual one. 5 The DIS(Mal) showed a concentration-independent hairpin melting at high temperature and could be analyzed following this method. For the DIS(Lai), however, the situation was more complicated and a detailed analysis, based upon numerical integration of the set of differential equations describing the different equilibriums, was necessary to explain the observations. 5 
Gel Electrophoresis Experiments and Quantification-DIS-C275
RNA samples were prepared (at concentrations of 20, 9, 4.5, and 2.2 M) as described above and analyzed on 15 or 20% native PAGE performed at 4°C in TBM buffer (45 mM Tris borate, pH 8.3, 1 mM MgCl 2 ). Hairpin and duplex quantification was performed on a Gel Doc 1000 (Bio-Rad) after ethidium bromide (EtBr) staining of the gel after electrophoresis. Because a dimeric duplex probably retains more than twice the amount of ethidium bromide retained by a monomeric hairpin, we used a ratio of 2.5. The data obtained in such a way yielded ϳ10% of the duplex form after annealing in water, in good agreement with 12% from fluorescence measurement. For the sake of comparison, the experiment on the effect of magnesium concentration at 2 M RNA was quantified by 32 P labeling. The RNAs were 5Ј-end-labeled for 30 min at 37°C with [␥- RNA Crystallization-For kissing complex crystallization, RNA samples were diluted in water to 6 M or less, annealed at 90°C, and either submitted to the fast cooling protocol or slowly cooled to room temperature. A low salt dimerization buffer (8 mM MgCl 2 , 30 mM sodium cacodylate, pH 7.0) was added prior to incubation at 37°C for 1 h (however, further refinement of the crystallization protocol showed that this dimerization step was not required), and samples were concentrated to 360 -600 M. Drops were made by mixing 3 l of RNA sample with 3 l of a well solution (100 mM ammonium sulfate, 50 mM MES, pH 5.6, 20% PEG 8000, 10 mM MgCl 2 ) and 2 l of a 3 mM spermine solution. Single platelets crystals (up to 0.8 mm in size) belonging to the space group C222 1 were obtained after 2-3 days of equilibration by vapor diffusion at 37°C. Kissing complex crystals were also obtained with a mutated DIS(Mal) sequence, where the 1st bp of the stem was replaced by a U-U mismatch. This DIS-UU sequence was crystallized as a kissing complex in different conditions but by using a similar protocol. After annealing, the dimerization buffer (8 mM MgCl 2 , 30 mM sodium cacodylate, and 7 mM spermine) was added. The sample was concentrated to 150 M, and drops were made by mixing 1 volume of RNA sample with 1 volume of well solution (20 mM MgCl 2 , 50 mM MES, pH 6.0, 15% isopropyl alcohol). Large platelet crystals (up to 1 mm) of space group C2 were obtained at 20°C within 2-4 days. DIS(Mal) duplex crystals were obtained as described previously in Ref. 19 .
Numerical Values-The different kinetic and equilibrium "constants" were expressed as in Equations 1-3,
with R the gas constant (1.987 cal⅐mol Ϫ1 ⅐K Ϫ1 ; 1 cal ϭ 4.184 J); T the absolute temperature; T m the melting temperature (K); E a the activation energy; ⌬H the variation of enthalpy (kcal⅐mol Ϫ1 ); k 0 the pre-exponential factor (min Ϫ1 for a unimolecular transition and M Ϫ1 min Ϫ1 for a bimolecular transition); and K(T) the equilibrium constant. In the following the kinetic and equilibrium constants for hairpin and duplex formation will be numbered 1 and 2, respectively. For hairpin formation K 1 (T) is dimensionless, and T m1 is concentration-independent, whereas for duplex formation K 2 (T) has the dimension of M Ϫ1 and T m2 is given for a standard concentration of 1 M in strands. For hairpin closing, the kinetic constant is almost temperatureindependent with k on ϳ 10 5 s Ϫ1 and k off ϭ k on at T ϭ T m1 (23) . The activation energy E a1 of hairpin opening is close and at least equal to ͉⌬H 1 ͉ involved in hairpin closing. For duplex formation, the kinetic constant k 0 is of order 10 6 M Ϫ1 s Ϫ1 , and the (apparent) activation energy E a2 may be negative because of duplex formation not being an elementary mechanism (24, 25) . Values less than Ϫ5 kcal⅐mol Ϫ1 are possible.
RESULTS
Hairpin-Duplex Equilibrium-Kissing complex and duplex forms cannot be easily quantified in solution by classical gel studies because both forms have the same overall shape and essentially the same basepairing pattern (19, 20) . Therefore, to assess the effect of cooling kinetics and RNA concentration, we used DIS sequences labeled as molecular beacons (21) (Fig. 2) . By mixing such doubly labeled 23-mer DIS with an excess of unlabeled RNA, we quantified the relative amount of duplex and consequently the amount of hairpins (either free or in kissing complexes). We observed for "slow" and "fast cooling" that the hairpin is predominant at low RNA concentrations (less than 3 M), whereas almost only duplex species are formed at 60 M (Fig. 3) . Our results clearly show that in this DIS system, the RNA concentration, and not the kinetics of cooling, is by far the predominant parameter for obtaining the hairpin form after the folding procedure. More importantly, we reproducibly observed an important increase of fluorescence in a narrow RNA concentration range (from 3 to 6 M) with the ultra-fast cooling procedure. At first glance this might indicate an unexpected increase of duplex formation under conditions that favor the hairpin form. In this case, however, the enhanced increase of fluorescence most likely results from kinetically trapped misfolded di-or multimeric species. Finally, to test whether the observed increase of fluorescence was indeed specifically because of duplex formation, an excess of DISHxG278 containing a stem sequence partly inverted and unable to heterodimerize with the wild-type DIS sequence (Fig. 1a ) was mixed with a fixed amount of molecular beacon. As shown in Fig. 3 , no significant increase of fluorescence is observed in such conditions, which is strong evidence that its increase with a wild-type DIS is not because of unspecific effects.
We also performed similar investigations with the DIS-C275 mutant of the DIS(Mal) (Fig. 1a) by using gel electrophoresis techniques. As described in Ref. 26 , the C275 mutation in the loop on the DIS(Mal) sequence abolishes kissing complex formation by introducing two highly destabilizing A-C mismatches in the loop-loop helix. This mutant was thus very convenient to study the hairpin-duplex transition by using classical gel experiments as described in Ref. 27 . The fraction of duplex was first evaluated in water, immediately after the cooling procedure, as a function of RNA concentration and of the kinetics of cooling. As observed with molecular beacons, our results on the gel emphasize the importance of the RNA concentration during RNA folding in comparison with a minor effect of the cooling process (Fig. 4) . However, the hairpin fraction for the DIS-C275 mutant is much higher than for the wild-type sequence for all tested concentrations.
Thermal Stability of the DIS Sequence-We further investigated the kissing complex/duplex equilibrium by UV melting. A previous study made on the DIS(Lai) concluded that the kissing complex was converted into the duplex form at low temperature (around 25-30°C), followed by a melting of the latter at 61°C (28) . The identification of the major peak of the differential melting curve as corresponding to duplex melting was based on the dependence of the melting temperature with concentration. However, on the basis of theoretical considerations and of a large body of experimental results in the literature (for example see Refs. 29 and 30), we were led to question the fact that the DIS hairpin could melt at such a low temperature. In addition, our own results on the DIS(Mal) showed a concentration-independent peak at 72°C (Fig. 5a ) yielding an enthalpy value consistent with a 7-bp hairpin (͉⌬H 1 ͉ ϭ 51.5 kcal⅐mol Ϫ1 ).
Furthermore, by interpreting the high temperature peak for the DIS-(Lai) as that of duplex melting not only led to poor fit of the experimental curves (not shown) but also to unacceptably low enthalpy values for a 20-bp duplex (around 60 kcal⅐mol Ϫ1 ). Finally, another clue was obtained by considering two DIS(Mal) mutants. The DIS-C275 mutant (Fig. 1a ) unable to form a kissing complex, but not a hairpin, showed the same hairpin melting temperature and a significant modification at lower temperatures that can only be interpreted as duplex destabilization (Fig. 5b) . In addition, the Pur280 mutant (Fig. 1a) obtained by the replacement of the A280 base by an adenine base deprived of its exocyclic amino group led to a significant modification of the melting profile (Fig. 5b) , which is also because of duplex destabilization, whereas the peak characteristic of the hairpin at 72°C remained unaffected. This fits perfectly with the DIS(Mal) duplex being affected by an A280Pur modification because A280 is engaged in a G-A "Watson-Crick-like" base pair in this duplex (19) , and with the hairpin being unaffected by the same modification because A280 is unpaired in the kissing complex (20) . Notably, the G-A mismatches contributing to duplex stability is well documented (31) (32) (33) . This also indicated that, in the range of concentrations in use, the melting of the DIS(Mal) duplex occurs at a temperature close to and below that of the hairpin. By comparison with the DIS(Mal), it was thus beyond any doubt that the major peak of the differential melting curve for the closely related DIS(Lai) was also a mark of the hairpin. However, as recalled above, this peak was concentration-dependent (28) , which is in contradiction with a purely unimolecular transition. We finally clarified the situation by showing that the concentration dependence is because of almost simultaneous melting of the hairpin and of the duplex, and not to pure duplex melting. This was done by making use of numerical simulations that were confirmed by experiments. 5 This led to the conclusion that the subtle different behavior of the two sequences is because of the melting temperature of the DIS(Lai) duplex being close enough to that of the hairpin to cause an apparent concentration dependence of it, whereas the melting temperature of the DIS(Mal) duplex is sufficiently far from that of the hairpin to prevent any interference. The simulations also FIGURE 2. The molecular beacon strategy; a DIS stem-loop labeled 5 with a fluorescent dye and 3 with a fluorescence quencher is mixed with a large excess of unlabeled sequences. In the stem-loop structure (either as a monomeric form or involved in a kissing complex), both dyes are close to each other, and no fluorescence is observed. In the duplex form, the two dyes are far from each other, and fluorescence is restored. showed that the melting of the duplex interfering with that of the hairpin for the DIS(Lai) led to a sharpening of the concentration-dependent peak, which was indeed observed (Fig. 5a) .
Hairpin-to-Duplex Conversion for the DIS-C275 Mutant-Subsequently, we analyzed whether the formation of a kissing complex is a prerequisite for the DIS hairpin-duplex transition. For that, we used gel electrophoresis of the DIS-C275 mutant (Fig. 1a) unable to form a kissing complex. This RNA was folded at 20 M, which led to 10% of duplex according to Fig. 3 . It was then incubated, either in water at 37°C, or in presence of salts (20 mM sodium cacodylate, pH 7.0, 25 mM KCl, 2 mM MgCl 2 ) at 25, 30, or 37°C, and the fraction of hairpin and duplex was quantified at various incubation times, which yielded an experimental function as shown in Equation 4 ,
where S D (t) and S H (t) are the fractions of strands under the duplex and hairpin forms, respectively. The approximation in Equation 1 results from S D (t) ϩ S H (t) Ϸ1, because the fraction of melted strand is very small at, or below, 37°C. As shown in Fig. 6 and Fig. S1 , there is a neat increase of duplex with time at the expense of the hairpin form in the presence of salts, whereas no conversion was observed in water (not shown). As expected, this hairpin-duplex transition is kinetically favored at higher temperatures, with ϳ80% of the DIS-C275 strands in the duplex form after 1 day at 37°C, and around 55 and 45% within 2 days at 30°C and 25°C, respectively (the plateaus not being reached; Fig. 6b ). The concentration dependence agrees with a bimolecular process (Fig. 6c) . Increasing magnesium concentration from 0.5 mM to 20 mM made duplex formation faster, whereas spermine had a very marginal effect (Fig. 6d) .
These results show that hairpin-duplex transition does not require a preformed kissing complex. Two mechanisms are therefore possible. The first possibility involves a two-step mechanism: (i) complete melting of the hairpin and (ii) duplex formation from the resulting free single strands. In the second, and only other possibility, no free strand is necessary but, instead, a cruciform intermediate is first generated by the interaction of the ends of two hairpins. This interaction is facilitated by the well known tendency of nucleic acid helices to stack end-to-end as pseudo-continuous helices (as commonly observed in crystals) and by the fraying at the extremities of stems (which is favored at higher temperature). Once formed, the cruciform junction progresses at low energetic cost until its resolution releasing a duplex (Fig. 7a) . Discrimination between the two possible mechanisms was achieved by the following quantitative kinetic analysis.
The first mechanism is simply described by the two coupled equilibriums.
͑1͒
Hairpin 7 Strand ͑2͒ Strand ϩ Strand 7 Duplex MECHANISM 1 Fig. 3 . The data for the DIS(Lai) were not reported for clarity because they overlap with those of the DIS(Mal). The other sequence data (⌬C56, ⌬A58, and ⌬U59) are from Ref. 27 and were obtained from similar gel electrophoresis experiments. The sequences can be ranked in the order ⌬C56 Ͻ Ͻ ⌬A58 Ͻ ⌬U59 Ͻ DIS-(Mal,Lai) for their loop self-complementarity, which is also the order in which they appear along the curved arrow. This highlights the crucial importance of loop self-complementarity for the effect of RNA concentration on duplex formation, whereas the kinetics of cooling has comparatively a weak, or even null, importance. This yields the following differential and conservation Equations 5-7:
where C tot is the total concentration in strand, and S, H, and D correspond to the reduced concentrations (i.e. divided by C tot ) of single strand, hairpin, and duplex species, respectively. The situation is favorable because the kinetic constants for hairpin and duplex formation are reasonably known (see "Materials and Methods"). Because the relaxation time for hairpin opening/closing (in Mechanism 1, "(1)") is much smaller than that for the bimolecular process of duplex formation (in Mechanism 1, "(2)"), H and S are always very close to equilibrium, that is
This results in the following single differential Equation 8 ,
with a reduced time t/ with the characteristic time equal to (Equation 9),
the approximation in 
because there are two strands per duplex. From the preceding it may easily be obtained as shown in Equation 12 , involves (2⌬H 1 ϩ E a2 ) Ϸ 100 kcal⅐mol Ϫ1 in the exponential term varying with temperature. Therefore, the temperature dependence of this product is much more pronounced than that of D /H 2 ϭ K 1 2 K 2 C tot in parentheses, which involves (2⌬H 1 ϩ ⌬H 2 ) Ϸ Ϫ50 kcal⅐mol Ϫ1 in the exponential term varying with temperature (⌬H 2 ) Ϸ Ϫ150 kcal⅐mol Ϫ1 to explain the duplexto-hairpin ratio observed at equilibrium for 37°C and for 20 M in strands (Fig. 6b) ). This implies that the ratio of dG/dt tϭ0 at two temperatures T 1 and T 2 , and the same C tot and H 0 , is very close to Equation 14,
which was confirmed by numerical calculations.
For T 1 ϭ 37°C and E a2 ϭ Ϫ5 kcal⅐mol Ϫ1 , Equation 14 yields Ϸ 560
for T 2 ϭ 25°C and Ϸ 38 for T 2 ϭ 30°C, whereas the observed values with the data for Fig. 6b are Ϸ 3 and Ϸ 1.9, respectively. Such low values can be explained by Equation 14 , but only by replacing the actual value of 2⌬H 1 by a much smaller value (22 kcal⅐mol Ϫ1 ). This is consistent with a mechanism requiring only a partial melting of the hairpin to initiate the transition to the duplex form. Our experimental data thus imply that a cruciform intermediate has to be formed. Notably, the present conclusion does not depend on whether or not a kissing complex can be formed; it only depends on the disagreement with observations of the hypothesis that hairpins would have to melt fully to allow duplex formation. . The latter is resolved by progression of the junction at low energy cost, releasing a duplex (step 4). The figure emphasizes that the same mechanism also applies to the interaction of hairpins engaged in kissing complex (dashed lines). In such a case, two hairpin loops are also released and are shown here after reformation of a kissing-complex. b, two-dimensional representation of step 2 and three-dimensional structure representative of it, as observed in the kissing-loop complex crystals of the DIS(Mal)UU (Protein Data Bank code 1K9W). The color coding is identical in the two figures. This experimental observation of step 2 was possible because of the presence of a U-U mismatch at the end of the stem, which favored fraying; otherwise, step 1 is commonly observed in crystals of nucleic acids helices.
This result is contradictory with the one obtained in Ref. 34 with two DIS-like oligonucleotides L1 and L2 able to form a heteroduplex L1-L2. It was concluded that the transition to duplex was strongly dependent on the ability of forming a kissing complex between L1 and L2 and that this transition proceeded through complete hairpin melting. However, we note that the values of the kinetic constants for duplex formation that were obtained at 37, 40, 45, 50, and 55°C ( Fig. 6a in (34) ) agree well with an activation energy of 31 kcal⅐mol Ϫ1 . Such a low value is even inconsistent with the melting of only the upper part of the hairpin stems in L1 and L2 (8 bps comprising six G-C). Also, it was noticed in Ref.
34 that the kinetics of duplex formation was not significantly affected by shortening from 8 to 6 bps the upper part of the stems in L1 and L2 hairpins. We point out that this is also consistent with the fact that the whole hairpin stem does not influence the activation energy of the transition. A sequence L1A, with six As being substituted for the nine nucleotide DIS(Lai) apical loop present in L1, showed no duplex formation after 5 h. This was attributed to the complete loss of kissing complex formation between L1A and L2. However, this is a purely kinetic argument. Instead, one may invoke that replacing six consecutive G-C base pairs in the L1-L2 duplex by six mismatches in L1A-L2, which in turn forces three more residues in L2 to form an internal loop, also induces a strong destabilization of the duplex itself. This is a thermodynamic argument valid for any path from hairpin to duplex. It thus appears that the data in Ref. 34 (at least, those for the leadzyme systems that were reported at different temperatures) may be reconciled with a transition from hairpins to duplex involving a cruciform intermediate. This also agrees with the strong acceleration of duplex formation that was observed with the NCp7 that has a well known chaperone-like activity (35) (36) (37) .
In the present case, the conclusion that a cruciform intermediate is formed en route to duplex formation is further supported by two observations. First, we observed slowly migrating species on gels that were not present at the beginning of the experiment and that could correspond to several states of the cruciform intermediate (Fig. 6a and Fig.  S2 ). This is in agreement with the well known slow migration of cruciform species (38) . Second, the monoclinic DIS kissing complex crystal structure (20) , obtained with a mutant sequence where the first G-C base pair of the stem was replaced by a destabilizing U-U mismatch (DIS-UU, Fig. 1a ), showed hairpins engaged in an interaction strikingly representative of the initial step of cruciform-intermediate formation (Fig. 7b) . Such a hairpin-duplex conversion through formation of cruciform intermediates has already been invoked several times for DNA (30, 39 -42) . This also has been mentioned as a possibility for a 24-mer RNA hairpin (43) .
DISCUSSION
Our results on the DIS(Mal) and DIS(Lai) with molecular beacons, as well as on the DIS-C275 mutant on gels, do not fit with the common perception of a crucial and systematic importance of the cooling procedure on the hairpin/duplex ratio. Indeed, many structural studies relied on a flash cooling procedure to ensure the formation of the hairpin form. This was the case for several crystallographic studies (see Introduction) as well as for an NMR study of the DIS(Lai) kissing complex (44) . More importantly, most of the crystal studies performed for describing a hairpin structure finally resulted in the description of a duplex structure, which clearly shows that the cooling procedure was unimportant. This is also well illustrated by the first crystal structure of an isolated hairpin obtained after a slow cooling procedure (11, 12) . For the NMR DIS(Lai) kissing complex structure, an ultra-fast cooling procedure of a 30 M RNA sample was reported to yield the hairpin form (44) . Our own observations demonstrated a majority of the duplex after such a treatment. The only difference with the sequence that we used comes from the displacement of two G-C base pairs in the stem. It seems unlikely that such a small change had important consequences on the folding kinetics. In addition, we have observed that upon addition of buffer there was a significant fluorescence increase (Fig. S3) , which can only be interpreted as an additional increase of the duplex form. One may therefore raise questions about the relevance of the distorted structure in Ref. 44 , with helices far from the standard A-form geometry.
In retrospect, our results are in good agreement with several observations. First, Takahashi et al. (45) observed that the DIS(Lai) 23-mer mainly formed duplex at 20 M, even after flash cooling. Second, another study involving hairpins with various loop sequences showed that the hairpin/duplex ratio after ultra-fast or slow cooling was strongly dependent on the self-complementarity of the loop (27) . These results can be directly compared with ours, also obtained by gel electrophoresis (Fig. 4) . From both studies, it can be seen that for a given hairpin sequence, the amount of duplex species resulting from annealing is essentially dependent on the self-complementarity in the loop. The two wild-type DIS with a six-residue self-complementary sequence very easily forms duplex, whereas the DIS-C275 mutant remains in hairpin form at higher concentrations. Also, the ⌬C56 hairpin used by Kirchner et al. (27) , with a nonself-complementary sequence, remains in the hairpin form even at millimolar concentrations. Hairpins ⌬A58 and ⌬U59 are intermediate species, and their duplex-forming propensity can also be ranked according to the same criterion: ⌬A58 with two self-complementary residues in the loop yields the hairpin form at higher concentration than ⌬U59 with four self-complementary residues in the loop.
As already discussed previously, these results can apparently be rationalized in two ways. First, the yield increase in the hairpin form may be obviously because of the lack of a self-complementary sequence, which destabilizes the duplex but not the hairpin. Second, as invoked in Refs. 27 and 34, the lack of this self-complementary loop sequence, by preventing kissing complex formation, would also suppress a necessary intermediate prior to duplex formation. Again, the first argument is thermodynamic, whereas the second one points only to the kinetics of transition. Indeed, there exists some kinetic effects; ⌬A58 in Fig. 4 shows some dependence with the kinetics of cooling. However, the effect is rather small and it is nonexistent for our DIS-related sequences. In fact, a thorough understanding of such quick annealing experiments requires the integration of the differential equations (as Equations 5 and 6) governing the kinetics of interconversion between the different species. We have performed a general theoretical study, as well as numerical investigations in many different cases. This will be developed further elsewhere. 5 The major theoretical result is that there exists well defined thresholds in temperature where the concentrations of different species reach their equilibrium values upon heating, or depart from them upon cooling. An important finding is that such threshold temperatures, separating equilibrium from nonequilibrium regimes, have a logarithmic dependence with the rate of heating or cooling and thus have little dependence on it. This is consistent with our observations on the annealing of the DIS(Mal) and DIS(Lai) sequences. Such unexpected behavior suggests that the outcome of annealing experiments does not depend only on whether or not a kissing complex can be formed. Rather, it appears that there is a complex interplay between the threshold temperature and the equilibrium concentrations reached at this temperature during the cooling process.
Our previous crystallization results are in good agreement with the present fluorescence investigations highlighting the importance of RNA concentration during the initial annealing. Previously, we have been able to crystallize selectively either the DIS kissing complex (20) or its duplex form (19) , depending on the initial RNA concentration used for the folding (routinely 3 M are used to obtain kissing complex crystals, whereas 60 M leads to duplex crystals; see "Materials and Methods"). In some cases, a flash cooling protocol led to a kissing complex and duplex crystals in identical MPD-based crystallization conditions with an RNA concentration of about 30 M.
However, our successful crystallization of the DIS kissing complex, which was incubated during several days at 37°C in high salt and at high RNA concentration, is contradictory with the hairpin-duplex interconversion observed for the DIS-C275 in presence of salts. This is even more contradictory if one considers that the duplex form of the DIS-C275 mutant is destabilized in comparison of the hairpin form, whereas the duplex with the wild-type sequence is not destabilized. Consequently, the wild-type DIS kissing complex is expected to be converted into duplex even more surely than the DIS-C275, which is obviously not the case because we routinely obtain kissing complex crystals with various sequences. Our interpretation of these apparently inconsistent observations is that for these kissing complex forming sequences, the transition to duplex is blocked by the formation of stable kissing complex dimers interacting through their bulged-out purines, as observed in the crystal packing (20) . More importantly, such tetramers of hairpins are considerably favored at high concentrations and, very likely, are formed in solution and constitute the building units of the crystals (which is strongly supported by their systematic occurrence in crystals of kissing complex, whatever the RNA sequence and the crystallization condition). Because the DIS-C275 mutant cannot form a stable kissing complex, it also cannot form tetramers and, accordingly, nothing prevents its complete conversion from hairpin to duplex through a cruciform intermediate. In agreement with our interpretation, Rist and Marino (46) observed in their experimental conditions (25°C, low salt and low DIS(Mal) concentration) that the initial kissing complex did convert to duplex, but by no more than 25%. This is indeed consistent with our successful crystallization of the kissing complex. This is also consistent with the fact that we observed in one case the coexistence of kissing complex and duplex crystals in the same crystallization drop (Fig. S4) .
Many studies have been carried out to investigate the DIS kissing complex to extended duplex transition, either on a similar 23-nucleotide fragment or on larger fragments comprising the complete 39-nucleotide DIS stem-loop (17, 28, 34, (45) (46) (47) (48) (49) (50) (51) (52) . Notably, the chaperone activity of the NCp7 was shown to facilitate this transition (17) . In particular, the internal loop contained in the DIS stem was shown to be required for the formation of the duplex, as the NCp7 protein was unable to convert a DIS kissing complex with this internal bulge replaced by several G-C base pairs (45) . Based on experiments performed on the 23-nucleotide fragment, it was also concluded that the formation of the kissing complex was required to form the extended duplex and that the transition was achieved by a rearrangement of the base pairing in stem regions, without disruption of the loop-loop interaction (28, 46) . This mechanism deduced from the 23-nucleotide DIS fragment was supposed to explain the observed in vitro stabilization of larger HIV-1 genomic RNA fragments.
However, we have shown here, at least for this DIS 23-nucleotide fragment, that the formation of a kissing complex is not a prerequisite for hairpin-to-duplex transition. Our results on a mutated DIS unable to form a kissing complex have shown that the transition can only occur via formation of a cruciform intermediate, progression of the four-way junction until its resolution as a duplex, and definitely not through free single strands generated by hairpin melting. This transition appeared to be facilitated by a temperature increase, by the presence of salt, and by the self-complementarity of the loop sequence. As it was shown that the NCp7 protein enhances fraying at stem extremities of nucleic acid hairpins (37) , this protein may be viewed as mimicking a temperature increase. It thus may be proposed that it also promotes duplex formation by the formation of a cruciform junction. This destabilizing activity is likely facilitated by the presence of the internal loop of the DIS stem, as already suggested (48) .
It is unlikely that the transition we observed on the 23-nucleotide RNA fragment is relevant for the putative in vivo DIS hairpin-duplex transition. The main reasons are as follows: first that in vivo the DIS stem-loop is embedded within the very structured 5Ј-untranslated region, and second that such a mechanism would require two interacting kissing complexes (as shown in Fig. 7a) . However, such a hairpinduplex transition with cruciform intermediates might be more relevant to the first strand transfer where the minus "strong-stop" DNA is translocated to the 3Ј-end of the genomic RNA. This requires the annealing of the trans-activation response element (TAR), a stem loop localized at both ends of the HIV-1 genome, to its neo-synthesized complementary sequence cTAR. This reaction requires a destabilization of the very stable TAR and cTAR stem-loops. Because it has been shown that NCp7 enhances the melting of TAR and cTAR by promoting fraying on the stem termini (37) , it may be proposed that their hybridization could be achieved via formation of a cruciform intermediate, alternatively to prior formation of a TAR-cTAR kissing complex further stabilized into a full duplex.
It is also noticeable that the size of the RNA we have studied is comparable with that of the so-called RNAs and small interfering RNAs that have been shown to play important regulatory roles (53) . It has also been demonstrated that there exists a sequence bias for a weaker stability at one end of these regulatory RNAs (54) . It may thus be considered that a helicase might not always be necessary to promote hairpin-duplex transition in vivo. Our results show that such a transition is rather fast at 37°C (at 20 M in strands) in rather low saline conditions (Fig. 6c) . By its temperature dependence, this might also be at the basis of a "thermosensor" comparable with those known to regulate gene expression at the post-transcriptional level (55) .
